The significance and impact of leaks in a pipeline system creates new opportunities of leak detection. In essence, the concept is to use the pressure response from a transient event to locate and size a leak. Previously, Brunone (1999), determined both the location and size of a leak on the basis of the pressure trace during a transient event at a measurement section on the basis of the well-known properties of pressure waves. More recently, formal inverse transient algorithms have been developed. The goal in this study is to see if the genetic inverse transient procedure can correctly locate and size a leak in a "blind test". More specifically, the pressure signal at the downstream end of the system as well as the basic pipe properties will be fed to the inverse procedure to see if the predicted existence, location and magnitude of the leak can be accurately determined. The paper reviews the results of the blind calibration procedure as well as summarizing the key background required to understand these developments. The significance of this study data to the later quality problem, and particularly to the danger of contamination of the pipe contents, are given special emphasis.
Introduction
Leaks are a serious and challenging concern to operators of water distribution systems. Not only do they allow treated water to escape uselessly into the environment, they dissipate a considerable amount of energy as well, thereby increasing both pumping costs and the environmental footprint of a water supply project. Despite these serious concerns, other aspects have more recently been receiving attention. For example, Funk et al. (1999) point out that leaks create a two-way connection between the inside of a pipe and its immediate environment, thus introducing the possibility of drawing contaminated water into a pipeline under suitable (e.g., transient) conditions. This particular leak detection experiment utilizes a genetic algorithm (GA) inverse calibration computer program for pipe networks developed in the last 2 years. This software is actually a combination of a genetic algorithm processor (GAP) and a transient pipe network analysis 2 program (TransAM) created to perform inverse calibration using field data collected from transient events. This combination of computer algorithm and software lends itself readily to the task at hand. Since the program can calibrate for any number and type of parameter in a pipe network system, it can be used to calibrate for leak(s) in the test system.
The genetic inverse calibration approach borrows from nature, using its intelligence and wisdom in the simple form of genetics. Nature has been "calibrating" species and individuals to survive in the ecosystem for billions of years. The simple rule followed in nature is to create a large gene pool, to allow the organisms or individuals to interact with each other and the environment to determine who are the most appropriate individuals to pass on their genes to the next generation. Through reproduction and occasional mutation, this process generally produces individuals that are better suited to survive in their environment: hence the expression, "survival of the fittest."
In this study, we would like to calibrate models of pipe network systems. In some senses, a pipe network is not unlike a living organism. It has physical characteristics, specific needs and behaves with a certain degree of certainty. Therefore, one can model the physical characteristics of the system such as pipe diameters, friction values, wavespeed, valve sizes (leaks), pumps and other devices as specific genes in an individual "artificial" organism.
In the current application, the individuals of a species are not used, but the analogy to genetics is still strong. In fact, the leak test system is viewed as an environment inhabited by "individuals" (data files) that have physical characteristics such as pipe friction factors, wave speeds, valve operating scenarios and leaks represented as valves discharging to the atmosphere. Each artificial individual contains all parameters being calibrated as genes.
Genetic Algorithm
In order to carry out the calibration of the leak test system, we can populate our pipe network "biosphere" with many organisms (large gene pool) with a large diversity of genes representing the physical characteristics of the system. The genetic algorithm as applied to a pipe network involves 3 major steps. In step 1, gene typing, all relevant physical values calibrated for are encoded into binary numbers. The binary number system is a logical choice for gene encoding since a binary number consists of a number of bits that is either a 1 or 0. A binary 1 can represent that a particular gene is switched on and a binary 0 is a switched off gene. Therefore an individual contains a number of genes, each a binary number representing a physical characteristic value. Since each characteristic can take on a number of values, the algorithm requires a lower and an upper bound for each parameter. For example, a 7 bit binary number with a possible numerical range of 0 to 127 can be used to represent the friction value of a particular pipe in the system. The following binary number (0010010) is equivalent to a Hazen Williams friction factor of 111.3 if the upper and lower bounds are 180 and 100 respectively. If each parameter is represented by 7 bits, they can take on 128 different values.
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In step 2, Inverse Calibration, the individual s genes are converted to their actual physical parameter values. Since each individual as in nature, contains all the physical characteristics of the system, they can be used as data for a transient analysis computer model. The current process differs from traditional techniques in that the calibration is performed on a non-steady state, or "actual" condition, network. This feature allows for simple on-line collection of thousands of pieces of information, using three or four high speed pressure transducers. These data can then be used to effectively solve or calibrate the model.
The reason that a transient model is used instead of a steady state model is that a transient is very specific and short lived, and only one particular set of parameters and/or events is likely to reproduce it in detail. Whereas, a number of different paths or ways can be found to reach steady state which are not necessarily always physically evolved. Since a transient wave is specific to the actual system, measurements of the system in terms of pressure heads during a transient event can be used as a check on how well each individual (data file) can mimic through a computer simulation, the actual transient. Therefore, in order to carry out an inverse calibration of the system, we need very accurate and fast head measurements at one or a number of locations in the system to capture the transient event.
And in the final stage, before the cycle repeats itself, the individuals of a population are ranked in order of their ability to accurately predict the response of the system to a particular transient event. The evaluation scheme is quite simple, we check to see how well the individual modeled the real system. In order to perform this check, information about the real system must be obtained. For pipe networks, pressure measurement makes a logical choice as information that characterizes the system behaviour. Armed with this information, we can numerically model the system with each individual in the population and compare the computer generated pressures with the measured values and calculate an error function. It is this error value that determines the superiority of the individual (minimum error represents best individual). Once the "best" individual is determined for any particular generation, the next generation is evolved. We allow the "better" individuals to reproduce and generate new "additions" to the gene pool. The reproduction process involves taking genes from two parents and combining them through genetic cross-over. As in nature, mutation is allowed to further enhance the gene pool. The "best" individual from the previous generation is allowed to join the new generation through elitism. This ensures that all new generations will perform better or equal to the past generations. The new generation is produced and the members are once again evaluated and ranked in order of superiority. After a sufficient number of generations, we should find that the best individuals have similar if not identical characteristics as the actual system.
Leak Test System
The first step in the leak detection procedure involved setting up a TransAM model of the test system. The blind tests were carried out at the Hydraulics Laboratory of the University of Perugia (Italy) in a polyethylene pipe, 352 m long, with internal diameter of 93.8 mm and wall thickness of 8.1 mm. The pipe is arranged in concentric circles (Figure 1 ) with bends having a minimum radius equal to 1.5 m and is almost horizontal, except for the last short part. For the supply reservoir, an air vessel is used in which the pressure is kept automatically constant and equal to a prescribed value by varying the speed of three submerged pumps placed in the Water The leak simulations were carried out under the following conditions: 1) simulation of the leak in the laboratory test In order to simulate the leak, a device with an orifice at its wall has been used ( Figure 2) ; the leak discharges in air. The performance of two types of leaks were investigated (this information was not known a priori to the genetic inverse transient leak detection investigation); specifically, a circular orifice with different sizes (d equal to 7.5 mm for test no. 2, 3, and 4 and d equal to 12.5 mm for test no. 14 and 16, respectively, with d being the orifice diameter).
2) the characteristics of the unsteady-state tests The experiments entailed observation of the pressure signal in a damaged pipe during transients generated by the complete closure of the ball valve. In all tests, valve motion was fast, with the duration T smaller than 2s l /a, where 2s l was the distance of the leak from the downstream end valve and a was the wavespeed. Since small values of the steady-state flow rate at the end section of the pipe were fixed as initial conditions, the reliability of the proposed technique has been tested within a pressure regime suitable to operative pipe systems, i.e., small overpressures during transients. The data supplied for this experiment was limited to pressure measurements at the upstream end and at the downstream valve. The discharge upstream of the leak is also recorded. The five leak samples numbered 2, 3, 4, 14 and 16 are measured at a sampling rate of 100 Hz. 
Numerical Model
The TransAM model (e.g., Karney & McInnis, 1992) developed for the test system consists of 15 nodes and 14 pipes (25 m lengths). The upstream end of the system is modeled as a constant head reservoir with a water level consistent with each of the five test runs. The downstream end of the system is represented by a valve discharging to the atmosphere. The leak is also configured as a valve discharging to the atmosphere. Since the size and location of the leak is unknown (blind test), the size and node at which the leak valve is located are parameters to be determined by the genetic inverse transient calibration procedure. 
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The second step in the process focuses on the measured data. The data provided was collected at a sampling rate of 100 Hz for the duration of approximately 30 seconds, therefore a lot of data was available for analysis. However, not all of the data was necessary to carry out the investigation. It was recognized that most one-dimensional transient analysis models like TransAM will only be able to reproduce accurately the first or second transient pressure waves. Thus, only the significant portions (first two waves) of the measured data were isolated for calibration purposes as illustrated in Figure 3 . 
Inverse Transient Analysis
Once the measured data are prepared, investigative TransAM data files were created and tested against the measured data to determine the approximate steady state conditions at the start of each test run. Since no physical information about the control valve or its operation was available, it was necessary to include its characteristics in the inverse calibration. These trial runs provided constraining values for the size of the downstream valve and the size of the leak. The result is a set of range values for the valve sizes for each test run. These ranges are used in the genetic calibration processor to define the search space.
The initial tests conducted utilized the transient signature of the first two transient pressure waves as illustrated in Figure 4 . The leak was setup as a valve to atmosphere that was allowed to occupy a node in the nodal range from 2 to 14 (i.e., any node between the upstream and downstream end of the pipeline). Independent genetic inverse calibrations were performed with a population size of 500 and 4 generations for each simulated leak test. The time required for each run was 3.5 hours on a Pentium 450c computer. The results from these investigations were tabulated into Table 2 . Although the initial results were not conclusive, they did provide insight into refining the inverse leak detection procedure. The results indicated that the leak could be located between nodes 8 and node 12. Therefore, the next set of calibrations focused on locating the leak in nodes 8 through 12. It was also evident from the calibrations that only 3 generations will be required to produce good results. The next set of calibration runs was carried out with a population size of 700 and 3 generations. The limiting of the search for the leak to nodes 8 through 12 did not produce any new information or a consensus on the leak node/location. A possible reason for this was mentioned earlier in the discussion on one dimensional transient analysis models such as TransAM. That is TransAM like many of its kind can not predict accurately the friction losses due to velocity profile changes. This usually results in a more conservative modeling of friction losses during a transient event.
One dimensional transient analysis programs can accurately predict the first transient wave, however the subsequent waves are not modeled as effectively. Therefore, the next set of independent calibration runs will utilize only the data for the first pressure wave measured from each test sampled. The search for the leak will continue to focus on nodes 8 through 12. Table 3 summarizes the results of this search. Although test#2's result does not agree with the other tests, there appears to be a consensus on the location of the leak. The leak is independently found by test#3, test#4, test#14 and test#16 to be located at node 10 or 125 m from the downstream control valve. When the "blind fold" is taken off, the actual location of the leak was 128.5 meters from the downstream valve. Since the computer model of the test system was configured with 25 m lengths of pipes, we had expected to be a few meters off target. If the exact location of the leak is required, the computer model can be revised with shorter lengths of pipe. However, this is not critical since a difference of a few meters is not significant. Figure 5 illustrates the close approximation of this inverse leak detection procedure. After analyzing test#2's calibration data, it was determined that the inverse procedure could not differentiate between locating the leak at nodes 9, 10, 11, or 12. This may be the result of test#2's low initial flow rate (1.25 l/s) which in turn generates much smaller transient pressure waves. The various uncertainties in the estimation of pipe friction values, pipe wavespeeeds, changes in flow around the leak site, and operational characteristics of the control valve can induce transients that may be more influential than the transients caused by not placing the leak at its actual location.
Leak Detection on

Conclusion
In conclusion, the genetic inverse transient calibration procedure tested in this paper can predict accurately the size and location of a leak in a pipeline. The independent calibrations carried out during this investigation located the leak consistently. The genetic inverse transient calibration/leak detection also reliably estimated the size of the leak: as a matter of fact, orifice diameter for test no. 14 and 16 is larger than the one used in the other tests and discharge values reported in Table 3 confirm this.
The entire analysis required approximately two days of computing on an entry level personal computer with minimal user monitoring or input. Brunone(1999) has already demonstrated that measuring the travel time of the well-known properties of the transient pressure wave, one can detect the location of the leak very quickly, whereas by means of GAP one needs some hours. However, the potential of the GAP to handle more complex pipe systems is significant. In such a case, due to a possible large number of partial reflections of the pressure waves, it would be more difficult to locate the leak by means of the well-known properties of pressure waves.
However, the accuracy of predicting the exact location of the leak with the inverse method proposed here or most other methods can be hampered by very low flow velocities or small transient events. Even in such cases the genetic inverse transient method determined the leak location within the vicinity of the actual site of the leak as demonstrated by test#2's results. Therefore, genetic inverse transient calibration can be a cost effective means of locating leaks in simple and complex pipe systems. In the future, the inverse leak detection method developed in this paper may be improved by exploring a variety of GA strategies.
